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Abstract: This paper presents the details of a study into the behaviour and moment capacities 
of cold-formed steel lipped channel beams (LCB) subject to lateral-torsional buckling at ele-
vated temperatures. It was based on a validated numerical model of a simply supported and 
laterally unrestrained LCB subjected to a uniform moment. The ultimate moment capacities 
from this study were compared with the predicted values using ambient and fire design meth-
ods. This study showed that the lateral torsional buckling capacity is strongly influenced by 
the level of non-linearity in the stress-strain curves of steel at elevated temperatures. Hence 
most of the current design methods based on a single buckling curve were not adequate to de-
termine the moment capacities. This paper proposes a new design method for the cold-formed 
steel LCBs subject lateral-torsional buckling at elevated temperatures. 
 
 
1. INTRODUCTION 
 
The use of cold-formed steel sections as structural members in buildings has increased in 
recent times. Providing fire safety for such buildings is a vital part that should start from the 
design phase. However, there are inadequate design guidelines for cold-formed steel mem-
bers. Therefore there is a strong need to investigate the behaviour of cold-formed steel flex-
ural members under fire conditions. This research is focused on the lateral torsional buckling 
behaviour of cold-formed steel flexural members under fire conditions. Lateral-torsional 
buckling behaviour becomes more complicated at elevated temperatures in comparison to that 
at ambient temperature due to the factors such as material non-linearity, yield strength to elas-
tic modulus ratios etc. No research has been reported on such behaviour of cold-formed steel 
beams under fire conditions. This paper presents the results of a numerical study conducted 
on the flexural behaviour of cold-formed steel lipped channel beams (LCB) at elevated tem-
peratures, comparison of the results with various design methods and the development of new 
design guidelines for lateral torsional buckling of LCBs at elevated temperatures.  
 
 
2. DETAILS OF FINITE ELEMENT MODEL 
 
A simply supported cold-formed steel LCB under a uniform bending moment was mod-
elled to investigate its lateral-torsional buckling behaviour (Fig. 1). Due to the symmetric 
loading and geometric conditions, only half the span was modelled. S4R5 type four noded 
shell elements of 5 mm x 10 mm were used in the analyses. A series of tensile and compres-
sive forces was applied to the nodes based on a triangular distribution to simulate a uniform 
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bending moment distribution. The beam was modelled with idealized simply supported 
boundary conditions at the end supports, which allows major and minor axis rotations and 
warping displacement while preventing in-plane and out-of-plane translations and twisting. 
 
                                     
Fig. 1:  Finite Element Model of Lipped Channel Beam 
 
The yield strength and elastic modulus of steel decrease with increasing temperature. 
Therefore appropriately reduced mechanical properties were used based on [1]. The strain 
hardening material model was used for steels with gradual yielding type stress-strain curve 
except for G250 steels at 200oC for which elastic-perfect plastic material model was used. 
Beams with a negative overall geometric imperfection yield lower moment capacities com-
pared to positive imperfections in the case of lateral-torsional buckling at ambient tempera-
ture. This is also applicable to elevated temperatures and therefore a negative imperfection of 
L/1000 was used. Flexural residual stress distribution was used and assumed to be constant at 
0.17fy along the flanges and webs and 0.08fy along the lips based on [2]. The residual stresses 
decrease with increasing temperature and were calculated using an equation developed by Lee 
et al. [3] and ambient temperature residual stress values. The finite element model was cre-
ated by using MD/PATRAN and the analysis was conducted using ABAQUS. The developed 
model was validated using available numerical and experimental results as reported in [1]. 
Nine cold-formed lipped channel beams made of 1.5 mm and 1.9 mm G450 steels and 1.55 
mm and 1.95 mm G250 steels were selected for the detailed parametric study. Their cross sec-
tion included compact plate elements based on AS/NZS 4600 [4] at all the elevated tempera-
tures. This eliminated the occurrence of local buckling. Finite element analyses of these 
beams were conducted for spans varying from 1000 mm to 5000 mm.  
 
 
3. LATERAL-TORSIONAL BUCKLING CAPACITY RESULTS 
 
As the temperature increases the yield strength and elastic modulus decrease and as ex-
pected the lateral-torsional buckling capacity also decreases. The finite element analysis 
(FEA) results of ultimate moment capacities for short and long span LCBs are plotted in a 
non-dimensional format of ultimate moment capacity (Mb/My) versus beam slenderness 
(My/Mo)0.5 and discussed in the following sections. Further details of the parametric study and 
the results are given in [1]. 
  
The results for G250 steel beams appeared to be more scattered in the intermediate slen-
derness range in comparison to G450 steel beams. Low grade steel has a well defined yield 
Symmetric plane  
(SPC 345 boundary
condition applied to all
nodes  
(b) Support end  
(c) Symmetric plane  
(a  Half span beam model  
M 
Uniform moment
simulation  
Theme (by the C.C.) 3 
 
 
point at ambient temperature while the stress-strain relationship of high grade steel is gradual 
yielding type. The stress-strain relationship of low grade steel remains closer to well defined 
yield point up to 200oC thereafter becomes non-linear. It is possible to assess the level of non-
linearity of stress-strain relationship by comparing the ratio of the limit of proportionality, fp,T, 
to the 0.2% proof stress, fy,T. A different relationship was observed between the fp,T/fy,T ratios 
of G250 and G450 steels. While this ratio varied from 0.8 to 0.9 for G450 steel in a tempera-
ture range of 20 to 700oC it was from 0.4 to 1.0 for G250 steels with the lowest value occur-
ring at 300oC [1]. The difference in fp,T/fy,T ratio at elevated temperatures is also reflected in 
the ultimate moment capacities obtained from FEA. The moment capacity data points are 
scattered in the case of G250 steel beams, which have a larger variation in the fp,T/fy,T ratio 
compared to G450 steels. For example, the results of non-dimensional moment capacities are 
the lowest at 300oC for G250 steels, at which it has the lowest fp,T/fy,T ratio. As the fp,T/fy,T ratio 
increases the moment capacity data points plot higher in the intermediate slenderness range. 
Hence the effect of fp,T/fy,T ratio on the ultimate moment capacity is evident. Analyses using 
the strain hardening model (true behaviour) and the elastic-perfect plastic model with 0.2% 
proof stress at 300oC showed that the moment capacities decreased when the accurate model 
was used in the intermediate slenderness range for G250 and G450 steel beams. A large re-
duction is seen for Grade 250 steel beams, which has a very low fp,T/fy,T ratio whereas the dif-
ference is very small in the case of G450 steel beams, which has a very high fp,T/fy,T ratio.  
 
 
4. COMPARISON OF ULTIMATE MEMBER MOMENT CAPACITIES WITH 
PREDICTIONS FROM THE CURRENT DESIGN RULES 
 
AS/NZS 4600 [4], DSM, BS 5950 Part 5 [5] and Eurocode 3 Part 1.3 [6] provide the de-
sign rules for cold-formed steel structural members at ambient temperature. These design 
rules may be used for elevated temperature design by replacing the ambient temperature me-
chanical properties with those at elevated temperatures. However, the accuracy of such an ap-
proach needs to be verified. Eurocode 3 Part 1.2 [7] provides design guidelines for elevated 
temperature design of hot-rolled steel members and also recommends using them for cold-
formed steel members. The accuracy of the predictions using the design methods given in 
Eurocode 3 Part 1.3/Part 1.1, Eurocode 3 Part 1.2 [7] and the new developed equations for 
ambient temperature design in [1] was assessed by comparing their predicted member mo-
ment capacities with FEA results obtained at different elevated temperatures. Accuracy of 
Dharma and Tan’s [8] design method proposed for hot-rolled beams was also assessed for 
cold-formed steel beams under fire conditions. AS/NZS 4600, DSM and BS5950 Part 5 were 
found to be giving unsafe predictions for lateral-torsional buckling at ambient temperature [1] 
and therefore their accuracy was not investigated for elevated temperature conditions.  
 
4.1 Eurocode 3 Part 1.3/Part 1.1 
 
The ambient temperature design code for cold-formed steel members, Eurocode 3 Part 1.3 
[6], refers to the design equations given in the design code for hot-rolled steel members, 
Eurocode 3 Part 1.1 [9] for the lateral-torsional buckling capacity of cold-formed steel beams 
using buckling curve ‘b’. These design equations are given next.  
   1, MyfyWLTRdbM   (1) 
in which LT  is defined as follows:   
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Wy is the appropriate section modulus of the compression flange depending on the class of 
cross section (plastic, elastic or effective). LT  = 0.34 based on buckling curve ‘b’.  
Dolamune Kankanamge [1] found that the use of buckling curve ‘b’ gives conservative 
predictions for the intermediate slenderness range while giving accurate results in the high 
slenderness region at ambient temperature and a proposal was made to use buckling curve ‘a’ 
instead of buckling curve ‘b’ for ambient temperature design. Fig. 2 compares the FEA results 
for G250 cold-formed steel beams at elevated temperatures with all the beam design curves 
obtained from EC 3 Part 1.1 [9]. It can be seen that the use of a single buckling curve (‘a’ or 
‘b’) is not accurate since the results are scattered. Therefore suitable buckling curves were 
proposed for different temperature ranges and G250 and G450 steel members (see Table 1). 
 
Table 1: Proposed Buckling Curves from Eurocode 3 Part 1.1 
 Low Grade Steel (G250) High Grade Steel (G450) 
Temp. 
Range oC 20≤ T<300 300≤ T≤400 400<T≤700 20 ≤ T ≤300 300<T≤500 500< T ≤700 
Buckling 
Curve a d c a b c 
 
Based on Fig. 2, the chosen buckling curves in Table 1 appear to give accurate predictions, 
but further improvements are needed for some temperatures. This proposal is simply based on 
FEA results and does not include the effect of identified non-linearity effect. Therefore a new 
design method is required, which includes the effects of non-linear stress-strain relationship. 
This will allow the same design method to be used for beams made of any type of steel.  
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Fig. 2: Comparison of FEA Results with Different Buckling Curves of Eurocode 3 Part 1.1 [9] 
4.2 New Design Method Proposed for Ambient Temperature in [1]  
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The design method developed by Dolamune Kankanamge [1] for ambient temperature is 
given next. The nominal member moment capacity ( bM ) of the laterally unbraced segments 
of singly, doubly, and point-symmetric sections subjected to lateral buckling is given by, 




f
c
cb Z
MZM               (5) 
The critical moment (Mc) in Equation 5 can be calculated as follows, 
For  6.0b     yc MM        (6a) 
For  6.0b    yMbbcM 

  205.249.0   where  
5.0




o
y
b M
M  (6b) 
The ultimate moment capacities obtained from FEA at elevated temperatures are compared 
in Fig. 3 with the new design method for ambient temperature design [1]. According to Fig. 3 
the new design method is accurate for some temperatures while giving unsafe strength predic-
tions for other temperatures. The new design method is unsafe for temperatures at 300oC, 
400oC and 600oC for G250 steel beams and 600oC and 700oC for G450 steel beams. The scat-
tered nature of the results in the intermediate slenderness region does not allow the use of a 
single beam design curve for all the temperatures. Therefore separate beam design curves are 
required to represent the behaviour accurately at elevated temperatures.  
 
 
Fig. 3: Comparison of FEA results with the New Design Method [1] 
  
4.3 Eurocode 3 Part 1.2 
 
Eurocode 3 Part 1.2 [7] provides design guidelines for the fire design of hot-rolled steel 
members. This method is based on studies on hot-rolled steel members by Real et al. [10-13]. 
This code recommends the same design guidelines for cold-formed steel members. The de-
sign lateral-torsional buckling resistance moment of a laterally unrestrained beam is given by, 
 fiMTyfLT yfkWiRdtfibM ,,,,,,   (7) 
W is the appropriate section modulus of the compression flange depending on the class of 
cross section (plastic, elastic or effective section modulus).  
 



  5.02
,
2
,,
1, TLTTLTTLTfiLT
     with       21
2
1
,,, TLTTLTTLT    (8) 
The imperfection factor   and the non-dimensional slenderness TLT ,  are given by, 
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 yf23565.0  (9) 
   5.0,,, TETyLTTLT kk   (10) 
  5.0][
o
M
y
f
eff
WLT   is the beam slenderness at ambient temperature (EC 3 Part 1.3).  
 
Fig. 4 shows the comparison of FEA results obtained for G250 beams at different tempera-
tures with the beam design curve obtained from Eurocode 3 Part 1.2 [7]. G450 steel beam re-
sults are given in [1]. Most of the FEA results are above the design curves for G250 and G450 
steel beams. This strongly raises the need for multiple design curves for steel beams subject to 
lateral-torsional buckling as a function of elevated temperatures. Eurocode 3 Part 1.2 [7] pre-
dicts the moment capacities reasonably well for beams with higher slenderness (i.e. 
(Msx/Mo)0.5≥2.0) for both G250 and G450 steel beams. Therefore it can be concluded that for 
intermediate slenderness values, (Msx/Mo)0.5<2.0, Eurocode 3 Part 1.2 [7] predictions are 
over-conservative. However, this method can be safely used as a conservative fire design 
method in all the member slenderness regions. 
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Fig. 4: Comparison of FEA results with Eurocode 3 Part 1.2 [7] 
 
4.4 Design Methods Proposed by Dharma and Tan [8] 
 
Dharma and Tan [8] proposed a design method for lateral-torsional buckling at elevated 
temperatures based on FEA results of simply supported hot-rolled steel universal I beams. 
Their so-called alternative approach to find the ultimate moment capacity ( fibM , ) at elevated 
temperatures is given next.  
 xfibfib SfM ,,   (11) 
Where xS  is the plastic section modulus about the major axis. 
T
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1 TE
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cxM  is the in-plane bending moment capacity. EM  is the elastic buckling moment capac-
ity considering major axis curvature given by Kirby and Nethercot [14] as, 
 
xy
o
E EIEI
MM  1
 (15) 
The initial curvature and twist term TLT  in Eq. 14 at an elevated temperature is given by 
04.0007.0
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They used the term called non-linearity factor to account for the highly non-linear stress-
strain relationship at elevated temperatures. The nonlinearity factor     is given in Equation 
19 as proposed by Dharma and Tan [8]. 
 
y
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T
y
y
T
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T
y
T
p
k
k
ff
ff
f
f   (17) 
where Tpf ,
T
yf  and yf  are the elevated temperature limit of proportionality, elevated tem-
perature and ambient temperature yield strengths, respectively. pk  and yk are the limit of pro-
portionality reduction factor and the yield strength reduction factor at elevated temperatures. 
The finite element analysis results from this study were compared in [1] using Dharma and 
Tan’s alternative approach. This comparison showed that the capacity predictions are unsafe 
at some temperatures especially at 600oC for G450 steel beams and 300oC for G250 steel 
beams. Dharma and Tan [8] developed their rules based on doubly symmetric hot-rolled steel 
beams whose stress-strain relationships at elevated temperatures are very different to those in 
of cold-formed steel beams. This is the possible reason for the disagreement in the results.  
 
 
5. NEW PROPOSAL  
 
In the previous sections the need for a new design method for the fire design of cold-
formed steel beams subject to lateral-torsional buckling was identified. The current design 
method given in the fire design code, Eurocode 3 Part 1.2 [7], was found to be over-
conservative and it was found that separate buckling curves are needed for different elevated 
temperatures. The FEA results of ultimate member moment capacities were found to be de-
pendent on the level of non-linearity in the material stress-strain graph. Dharma and Tan [8] 
used a factor of fp,T/fy,T to account for the non-linearity in stress-strain graphs in hot-rolled 
steel beams. According to this study the non-linearity in stress-strain graphs affects the mo-
ment capacity results in the intermediate slenderness region. It was found that the effect of 
non-linearity can be accounted for by using the fp,T/fy,T factor and therefore new design equa-
tions were proposed by including this factor in the proposed design equations of Dolamune 
Kankanamge [1] for ambient temperature design (Eq. 5 and 6). 
The nominal member moment capacity ( TbM , ) of the laterally unbraced segments of cold-
formed steel LCBs subject to lateral-torsional buckling at elevated temperatures is given by, 
 



f
Tc
cTb Z
M
ZM ,,  (18)  
Mc,T in Eq. 18 is given by, 
 
For 6.0, Tb   TyTc MM ,,   (19a) 
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,  - the ratio of proportional limit and yield strength at temperature T. 
 
5.0
,
,
, 



To
Ty
Tb M
M  (20) 
 
TyM ,  is the yield moment capacity at temperature T, which is given by, TyfTy fZM ,,    
Elastic lateral-torsional buckling moment at temperature T is given by, 
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Elastic modulus and yield strength at temperature T are given by, 
 20, EkE TET   (22) 
 20,,, yTyTy fkf   (23) 
TEk ,  and Tyk ,  are the yield strength and elastic modulus reduction factors. 
The ultimate moment capacities at elevated temperatures from FEA were compared with 
the predicted moment capacities with appropriately reduced mechanical properties for each 
temperature using the proposed new design equations. The results in a non-dimensionalised 
format are given for selected temperatures and Grade 250 steel beams in Fig. 5. Other results 
are given in [1]. The results showed that the new proposal was able to predict the ultimate 
member moment capacities accurately at all the temperatures as seen in Table 2. Therefore it 
is recommended to use the proposed design method for cold-formed steel lipped channel 
beams subject to lateral-torsional buckling at elevated temperatures. 
 
Table 2: Mean and COV of FEA to Predicted Moment Capacities using New Design Method 
Temp 20 200 300 400 500 600 700 Overall 
Mean 0.984 0.983 1.013 0.995 0.981 0.964 0.957 0.983 
COV 0.056 0.062 0.071 0.122 0.059 0.067 0.061 0.068 
 
The new proposed design method for elevated temperatures has many advantages in com-
parison to other design methods. The new proposed equation is a modification of ambient 
temperature design method, and is the same if used for ambient temperature design because at 
ambient temperature the material non-linearity factor is almost equal to 1.0. Another advan-
tage is that this equation can be modified by changing ‘a’ and ‘b’ as shown in Eq.19b to have 
different buckling curves and provides a unique way of developing design equations for other 
types of cross-sections. This design method provides a simpler way of calculating lateral-
torsional buckling capacities at elevated temperatures in comparison to other methods. 
 
  a b 
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Fig. 5: Comparison of the New Proposal with FEA Results - G250 Steel Beams 
 
  
6. CONCLUSIONS 
 
This paper has presented the details of a numerical study into the behaviour and moment 
capacities of cold-formed steel lipped channel beams subject to lateral torsional buckling at 
elevated temperatures. It was found that the lateral-torsional buckling capacity is strongly in-
fluenced by the level of non-linearity in the stress-strain curves at elevated temperatures, 
which could be represented by the ratio of the limit of proportionality to the yield strength of 
steel. The ultimate moment capacities obtained from this study were compared with the pre-
dicted moment capacities using the ambient temperature design code, Eurocode 3 Part 1.3, 
fire design code, Eurocode 3 Part 1.2 and other available design methods. This comparison 
showed that a single buckling curve is not adequate to represent the ultimate moment capaci-
ties of beams at elevated temperatures and hence separate buckling curves in Eurcode 3 Part 
1.1 were proposed as a function of temperature ranges. Eurocode 3 Part 1.2 predictions were 
found to be overconservative for all the temperatures except for beams with very high slen-
derness. The design method proposed by Dharma and Tan [8] provided reasonably accurate 
moment capacity predictions for some temperatures. Finally, a new design method was pro-
posed for the design of cold-formed steel lipped channel beams subject to lateral-torsional 
buckling at elevated temperatures. 
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